Abstract: Beneficiation of Malaysian iron ore is becoming necessary as iron resources are depleting. However, the upgrading process is challenging because of the weak magnetic properties of Malaysian iron ore. In this study, bio-char derived from oil palm empty fruit bunch (EFB) was utilized as an energy source for reduction roasting. Mixtures of Malaysian iron ore and the bio-char were pressed into briquettes and subjected to reduction roasting processes at 873-1173 K. The extent of reduction was estimated on the basis of mass loss, and the magnetization of samples was measured using a vibrating sample magnetometer (VSM). When reduced at 873 K, the original goethite-rich ore was converted into hematite. An increase in temperature to 1073 K caused a significant conversion of hematite into magnetite and enhanced the magnetic susceptibility and saturation magnetization of samples. The magnetic properties diminished at 1173 K as the iron ore was partially reduced to wustite. This reduction roasting by using the bio-char can assist in upgrading the iron ore by improving its magnetic properties.
Introduction
Malaysia has abundant goethite-rich iron ore deposits, which are distributed along peninsular Malaysia. The ores have not been utilized as a raw material for domestic iron making because of their low iron content. Sorting this ore through magnetic separation is an attractive technology for exploiting iron resources. However, this ore is composed of iron oxide in goethite form that exhibits weak magnetic properties [1] . Extra energy is needed to upgrade the goethite-rich iron ore by eliminating the impurities and increasing the iron content. The use of fossil fuels as a primary energy source to upgrade the ore contributes to greenhouse gases. To use the low grade iron ore as an iron resource, direct beneficiation of the iron ore with inherent high impurity content may not be efficient [1−14] .
Malaysia produced approximately 81.5 Mt palm oil biomass from 4.5 million hectares of land and was ranked as the second largest producer of palm oil in the World Growth Oil Green Development campaign in 2009 [9−15] . The oil palm biomass consists of fiber, trunk, empty fruit bunch (EFB), palm kernel shell (PKS), and frond. Most of these wastes, specifically EFB and PKS, have been directly combusted for manufacturing charcoal or for power generation. However, utilization of these wastes is still not effective because a substantial amount of energy is wasted.
The conventional magnetization technique is usually used to analyze the magnetic properties of minerals prior to magnetic separation. The magnetization of the iron ore can be measured using a vibrating sample magnetometer (VSM) depending upon the magnetic field applied [1−12] . The saturated magnetization and magnetic susceptibility that are obtained from magnetization curves are important in evaluating the optimal conditions for magnetic separation [1] . However, the importance of magnetization has not received much attention, perhaps because of the scarcity of feasibility studies on magnetization, in contrast to the abundance of studies on magnetic separation.
The magnetic susceptibility of original, heated, and reduced laterite ores has been compared with the susceptibility of natural iron oxide via reduction using a CO/CO 2 gas mixture [2] . The results indicated that the magnetic properties of the laterite ore were improved by chemical reduction in the reducing atmosphere. The effect of sawdust on roasting the goethite ore was investigated, and the results showed that sawdust has the potential to be used as a reductant and can improve the magnetic properties of the goethite ore [14] . To the best of our knowledge, the literature contains no reports on the effect of bio-char on the magnetic properties of Malaysian iron ore after the iron ore has been subjected to a reduction roasting process. This work focuses on the effect of reduction roasting by using bio-char derived from palm EFB on the magnetic properties of Malaysian iron ore.
Experimental
Malaysian iron ore from Chini, Pahang and oil palm EFB from the Felda-Mempaga Palm Oil Mill in Pahang State were selected as raw materials for this research. The raw materials were dried in an oven at 383 K for 24 h to remove moisture. The char was prepared by pyrolysis of EFB in an electric furnace at 973 K for 30 min. The iron ore was subsequently mixed with the char at a mass ratio of 60:40 with a small amount of water as a binder. The mixture was compacted into briquette form and dried at 383 K for 2 h to remove any water remaining from the mixing process. These briquettes were then subjected to reduction roasting treatment in an electric tube furnace. In the reduction roasting process, samples were heated to the desired temperatures at a rate of 283 K/min and were kept under a continuous stream of argon gas supplied at a flow rate of 5 mL/s. The reduction temperatures were increased from 873 to 1173 K in 100 K increments; the residence time was kept constant at 2 h for each temperature run. The original and reduced ores were subsequently crushed prior to magnetism measurements on a vibrating sample magnetometer (VSM, Lakeshore 7400 series).
Magnetic susceptibility measurements were performed by detecting the electric potential produced through vibration of the magnetic material in a homogeneous magnetic field. The sample was placed in a sample holder rested in a pair of sensing coils between the poles of a magnet. The sample was mounted in a transducer assembly that passed through the center of the driving coil. Magnetization analysis was conducted at room temperature and in a magnetic field of 30 kOe. Fig. 1(a) ) exhibited an isotropic feature and was gray in color; goethite was considered to be the dominant metal mineral in the original iron ore. This hematite was anisotropic and was finely crystalline, with a white ash color. As shown in Fig. 1(b) , goethite, which appears as dark gray regions, and hematite, which appears as a white ash color, were observed in the colloform texture. 
Results and discussion

Characteristics of the iron ore
Reduction behavior of the iron ore
The extent of reduction was calculated on the basis of mass lost from the sample, as reported previously [7−9] . The extent of reduction for briquettes at different temperatures was plotted as depicted in Fig. 2 . The graph shows a trend of increasing extent of reduction with increasing temperature. The extent of reduction was enhanced at approximately 3%−5% for each 100 K temperature increase, and the greatest extent of reduction was 12.37%. The extent of reduction that corresponds to actual oxygen removal increased with increasing temperature because of reactions between the ore particles and the EFB char. Carbon particles in the EFB char act as a solid reductant and subsequently remove oxygen from iron oxide in the iron ore, which induces a change in phase [7−9] . XRD patterns of the iron ore before and after reduction roasting are shown in Fig. 3 . XRD analysis indicated that the original iron ore was composed predominantly of goethite (Fe 2 O 3 ·H 2 O) and hematite (Fe 2 O 3 ). Moreover, the ore contains impurities in the form of silicate minerals, which were identified as quartz (SiO 2 ). The intensities of quartz peaks were sustained as the temperature was increased. Iron in the ore sample was converted into hematite, corresponding to the removal of crystalline bound water upon reduction at 873 K. Magnetite peaks appeared in the XRD pattern of the sample treated at 973 K and became the predominant mineral phase in the pattern of the sample treated at 1073 K, at which temperature the iron ore was successfully transformed into magnetite. At 1173 K, the iron ore was reduced into a partial wustite phase, as indicated by wustite peaks becoming dominant in the XRD pattern, although magnetite peaks were still observed. At higher temperatures, supplementary heat supplied to the sample subsequently accelerated reactions between the iron ore and the EFB char and allowed more oxygen to be removed more rapidly compared to oxygen released at low reduction roasting temperature. Moreover, carbon in the EFB char was in the solid form, which required more heat to vaporize the solid carbon into the gas phase. The reduction roasting then proceeded via an intermediate gas, i.e., carbon monoxide, which served as the reducing agent [6−8] .
Magnetic properties of the original and reduced ores
Magnetization curves for the original and reduced iron ores at different temperatures are plotted in Fig. 4 . In general, the magnetization is enhanced with increasing temperature and can be measured via the saturated magnetization and magnetic susceptibility parameters. Magnetic susceptibility refers to the slope of the magnetization curve and is typically high in the case of ferromagnetic materials. The saturation magnetization is obtained when minerals reach their saturated condition. This condition corresponds to insignificant changes in magnetization with increasing applied magnetic field and is attributed to a weak magnetic material or to a material acknowledged as being paramagnetic and/or diamagnetic. The saturated magnetization and magnetic susceptibility obtained from experimental data and plots are summarized in Table 1 . The saturation magnetization for the original iron ore is 1.16 emu/g. This value is almost half the saturated magneti-zation value of the untreated laterite ore reported by Purwanto et al. [2] . The saturation magnetization is considerably low because both ores are rich in goethite, which is a weak paramagnetic mineral. An increase in reduction roasting temperature to 1073 K resulted in simultaneous increases in saturation magnetization and magnetic susceptibility. The gradient of the original and sample reduced at 873 K drastically increased to 2 Oe, where the saturation condition was achieved, as indicated by the magnetization becoming constant under stronger applied fields. The results for other reduced ores show similar trends in which the magnetization drastically increased in fields to 6 Oe and the gradient became small as the ore reached the saturation condition. Natural magnetite 35.98−45.14 -Svoboda [6] Reduction roasting at 873 K resulted in almost no significant effect on the magnetization because goethite was converted into hematite through the release of crystalline bound water and exhibited paramagnetic properties [2] . However, increases in reduction roasting temperature to 973 and 1073 K obviously improved the magnetic properties of the reduced iron ore because the saturation magnetization is relatively higher than those of the original ore sample and the sample reduced at 873 K. The saturation magnetizations for both ores are 17.28 and 28.95 emu/g at 973 and 1073 K, respectively. These results correspond to the existence of magnetite, which is a strong magnetic phase in the iron ore reduced at 873 K. However, the presence of wustite at 1173 K decreased the magnetic properties of the reduced iron ore because wustite is a weak magnetic phase.
Despite the saturated magnetization, the magnetic susceptibility of the iron ores tended to increase with increasing reduction roasting temperature at the temperature less than 1173 K. The low magnetic susceptibility of the original iron ore corresponds to the weak magnetic properties of goethite. The increase in reduction roasting temperature increases the magnetic susceptibility of the iron ore by a factor of 100 compared to the susceptibility of the original iron ore. Similar to the case of the saturation magnetization, the magnetic susceptibility decreased as wustite became a predominant phase.
Mixing of the iron ore with the EFB char and heating of the sample at 1073 K successfully magnetized the iron ore into a strong magnetic mineral and significantly improved the magnetic properties due to an increase in amount of the magnetite phase present in the sample. This artificial magnetite tends to exhibit a degree of susceptibility similar to natural magnetite, whose magnetic susceptibility was increased from 0.03 × 10 −3 emu/g to 24.40 × 10 −3 emu/g [6] .
Thus, we deduced that the high content of magnetite mineral contributes to the strong magnetic properties and subsequently increases both the magnetic susceptibility and the saturation magnetization of the iron ore.
The results indicate that the magnetic properties of goethite ore were improved through the reduction roasting process due to the simultaneous removal of crystalline bound water and the formation of magnetite; i.e., the magnetization of the iron ore is correlated to the mineral phases present in the sample. The magnetic properties of minerals, such as their saturated magnetization and magnetic susceptibility, are useful in upgrading the iron ore through magnetic separation. An iron ore sample that contains a stronger magnetic material can be easily attracted to a magnetic force during magnetic separation. Iron ores that contain weak magnetic materials are not attracted to a magnetic force and are considered as gangue minerals. However, the strength of the applied magnetic field should be taken into consideration because a stronger magnetic field will result in a larger number of particles attaching to magnetic poles, including the particles of minerals with weak magnetic properties, such as goethite.
Because magnetic analyses are usually conducted prior to magnetic separation on an industrial scale, the magnetic properties of the original iron ore and those of the iron ore reduced at 873 K indicate that direct separation of iron oxide minerals from gangue or impurities is not possible. Improvement of the magnetic properties of iron oxide through the use of sufficient quantities of reducing agents contained in 40wt% EFB char and heating of the sample to 1073 K could solve this issue, because the iron ore can be successfully magnetized via the formation of a strong magnetic mineral as the predominant phase. Moreover, the magnetic susceptibility of artificial magnetite in the iron ore reduced at 1073 K approaches that of natural magnetite (Table 1) .
Conclusion
The reduction roasting of Malaysian iron ore taken from Chini using bio-char derived from EFB was conducted. The original ore, which primarily contained goethite, was converted into hematite during the process at 873 K, with a slight increase in magnetic susceptibility. An increase in reduction roasting temperature to 1073 K enhanced the magnetic susceptibility due to the conversion of hematite into magnetite, which is a strong magnetic mineral. The magnetic properties diminished significantly when the sample was roasted at 1173 K because the iron ore was partially reduced to wustite. The magnetic susceptibility increased from 0.03 × 10 −3 emu/g for the original ore to 24.40 × 10 −3 emu/g for the reduced iron ore, and the saturation magnetization increased from 1.16 emu/g to 28.95 emu/g. These results indicated that reduction roasting by using the bio-char can assist in the process of upgrading Malaysian iron ore by enhancing its magnetic properties.
